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1 
 
Abstract—Switched Reluctance Motor (SRM) drives 
conventionally use current control techniques at low speed and 
voltage control techniques at high speed. However, these 
conventional methods usually fail to restrain the torque ripple 
which is normally associated with this type of machine. Compared 
with conventional three-phase SRMs, higher phase SRMs have 
the advantage of lower torque ripple: to further reduce their 
torque ripple, this paper presents a control method for torque 
ripple reduction in six-phase SRM drives. A constant 
instantaneous torque is obtained by regulating the rotational 
speed of the stator flux linkage. This torque control method is 
subsequently developed for a conventional converter and a 
proposed novel converter with fewer switching devices. Moreover，
modeling and simulation of this six-phase SRM drive system has 
been conducted in detail and validated experimentally using a 
4.0-kW six-phase SRM drive system. Test results demonstrate 
that the proposed torque control method has outstanding 
performance of restraining the torque ripple with both converters 
for the six-phase SRM, showing superior performance to the 
conventional control techniques. 
 
Index Terms— Multi-phase, Power converter, Switched 
reluctance machine, Torque control method, Torque ripple 
reduction 
 
I. INTRODUCTION 
WITCHED Reluctance Motors (SRMs) and their drive 
systems have the advantages of simple structure, low 
manufacturing cost, high system reliability, high efficiency 
and a wide speed range, and are contenders for electric vehicle 
traction drives [1-3]. In recent years they have also been 
developed for the aviation industry [4-6].  
Due to their doubly salient structure SRMs are characterized 
by strong nonlinearity, resulting in significant torque ripple, 
which forms the biggest drawback of these machines [7]. Each 
phase produces a single pulse of torque per electrical cycle, 
unlike ac machines, which produce two. Thus, with fewer 
torque pulses per cycle, there tend to be torque dips between 
pulses. The torque ripple can be 70% and higher in three-phase 
SRMs [8, 9], and 50% or more in four-phase SRMs [10-12]. 
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Many investigations have sought to reduce the torque ripple: 
these can be classified into two fields, one based upon machine 
design optimization and one upon control algorithms.  
Design parameters of the machine, for instance the air gap, 
dimension of the core back, winding arrangement and pole 
shape have a significant impact upon torque ripple [13]. Many 
researchers focused on modifying the geometry to minimize 
torque ripple [14-16]. Increased phase numbers can be used to 
advantage [17]. By introducing more pulses per cycle they 
reduce torque ripple, lower the DC link current harmonics and 
have higher fault-tolerance. However, the added complexity of 
the high number of power devices and connections to the 
machine have limited the application.  
A six-phase SRM was recently designed and driven by a 
three-phase full bridge inverter. Compared with a conventional 
three-phase SRM, it produced lower torque ripple, and with the 
use of diodes, can still had unidirectional current in each phase 
[18-20]. More recently a converter topology is proposed by the 
authors which only consists of six switches, and with which 
conventional control techniques for SRM drives are 
applicable[21]. However, this six-phase SRM drive still suffers 
from obvious torque ripple. Therefore, an effective torque 
ripple reduction method is desirable for this six-phase SRM 
drive. 
In addition to making geometric changes, the torque ripple 
can be further decreased by employing an advanced torque 
ripple reduction control technique. Torque Sharing Functions 
(TSF) and Direct Instantaneous Torque Control (DITC) have 
been developed with some success to produce more uniform 
torque production for three-phase SRMs [22-27]. With the TSF 
the overall torque demand is distributed to each single phase. 
By controlling the phase current profile according to the single 
phase torque demand torque ripple appearing between 
commutation was reduced [22]. Many different TSFs have been 
applied to reduce torque ripple for a three-phase SRM [23]: 
both offline and online TSFs have been investigated, and  the 
torque ripple of the three-phase SRM has been reduced to 40% 
[25]. A DITC method has also been employed in three-phase 
SRMs to reduce the torque ripple to 40% and lower [26, 27].  
Unlike the TSF method, this latter method does not require a 
high-precision rotor position sensor. DITC comprises a digital 
torque hysteresis controller, which generates the switching 
signals for all activated machine phases. A hysteresis controller 
regulates the estimated torque of one phase. During phase 
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2 
commutation, the torque of two adjacent phases is controlled 
indirectly by controlling the total torque.  
Although both of the above two methods give good 
reductions in torque ripple in three-phase drives, there are 
obstacles to their application in six-phase SRMs. For six-phase 
SRMs, there are always three/four phases conducting 
simultaneously, so it is much more complex distributing the 
torque contributions to three or four phases directly. Despite the 
simple structure of DITC, it requires complex switching rules 
for smooth torque generation during commutation, which 
become much more complex again in six-phase SRMs.  
The concept of Direct Torque Control (DTC) for ac 
machines [28, 29] has been developed in SRM drives [30, 31] 
to simplify the control algorithm and improve the torque 
response. The nonlinear characteristics and non-sinusoidal 
excitation of SRMs has hitherto been an obstacle to its 
application in SRM drives. A DTC methodology was produced 
for three-phase SRMs from analysis of the nonlinear torque 
characteristics [30]. This method does not require stator 
winding modification and can work with unipolar drives. It 
uses a flux hysteresis controller to keep a constant magnitude of 
the stator flux, whose vector is accelerated or decelerated to 
control the instantaneous torque. Simulation showed that under 
this very simple control algorithm torque ripple in a three-phase 
SRM is reduced.  
The DTC method is well-adapted to multi-phase SRMs 
because it considers the machine as a whole: by simply 
increasing the number of voltage vectors, it can be easily 
developed for higher phase number SRMs. The application of 
this DTC method to such machines has been simulated [31, 32], 
but all previous publications on this topic are purely simulation 
based or at very low speed. 
In this paper a torque control method is proposed for 
six-phase SRM drives with two different converters. The paper 
is organized as follows. The six-phase SRM prototype, its 
converters and the torque ripple existing in SRM drive systems 
are illustrated in Section II. In Section III, the principle of the 
torque ripple reduction method is introduced and applied to the 
conventional converter and the proposed converter. Firstly the 
stator flux definition and the selection rule of voltage vectors 
are demonstrated with the six-phase conventional converter. 
Following this, considering the phase independence, the control 
method for the proposed converter is introduced. Afterwards 
the performance of the control method is verified with detailed 
simulation. To further validate the proposed torque control 
method, a six-phase SRM test rig is constructed for 
experimental verification in Section IV. Experimental results 
show a significant reduction in torque ripple throughout the 
whole speed range when the proposed method is applied. 
Section V concludes this paper. 
II. THE SIX –PHASE SRM AND ITS CONVERTERS 
It is well understood that increasing the number of phases 
reduces torque ripple. Thus a six-phase 12/10 SRM is proposed 
in Fig. 1. Table I gives the design parameters for this machine. 
 Asymmetric Half Bridge (AHB) converters are the most 
popular choice for SRM drives because they give independent 
control of each phase. Fig. 2 shows a six-phase AHB power 
inverter. Note that this requires twelve controlled switches and 
twelve diodes – double that of a standard six pulse, three phase 
ac drive – adding complexity and cost. 
 
 
 
(a) (b) 
Fig. 1. Six-phase 12/10 SRM prototype. (a) Wound stator.  (b) Rotor. 
 
TABLE I.  
DESIGN PARAMETERS OF THE SIX-PHASE SRM PROTOTYPE 
Number of Rotor Teeth 10 Rated torque  20.0 N∙m 
Number of Stator Teeth 12 Rated speed 1000 r/min 
Phase number 6   
 
 
Fig. 2. An asymmetric half bridge converter for six-phase SRMs 
The conventional Current Chopping Control (CCC) is first 
simulated with the AHB converter. The simulation parameters 
were set as follows: DC link voltage Vdc of 200 V; rotation 
speed n of 200 r/min; current reference 𝐼∗  of 15.0 A; turn-on 
θon and turn-off angle θoff are 0 º and 160º respectively, where 0º 
corresponds to the unaligned position. Simulated six phase 
current, flux linkage and torque and the overall instantaneous 
torque waveforms are shown in Fig. 3. Producing 20.1 N·m 
average torque, the TRR (Torque Ripple Ratio) under the 
conventional method is 40.1%.  
 
Fig. 3. Simulation waveforms with the AHB converter under the CCC method 
Although the cost of a six-phase SRM is no different to that 
of a three or four-phase SRM, the cost of the drive system is 
Vdc
S1 D1
D2 S2
ph1 ph2 ph3 ph4 ph5 ph6
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3 
higher due to more switching devices and high frequency drive 
circuits. In order to reduce the quantity of switching devices 
and connections between the SRM and the inverter the authors 
proposed a novel converter in [21]. The converter topology is 
shown in Fig. 4. Conventional control techniques for SRM 
drives are also applicable to this converter, which has half the 
number of power devices. 
 
Fig. 4. The proposed converter topology for six-phase SRMs 
Simulation under the CCC method with the proposed 
converter is subsequently conducted. In order to guarantee 
enough magnetization energy, the switching signals for the six 
switches in the proposed converter are the logical OR operation 
results of every adjacent two single phase switching demand.  
For example, with reference to Fig. 4, if either phase 2, phase 3 
or both demand a positive voltage then T3 is switched on.  
Similarly, if either phase 1 or phase 2 demand a positive voltage 
then T2 is switched on. Due to the special electrical connection 
of the proposed converter, there is no longer complete 
independence of phase voltages: this leads to current distortion 
when controlled using the CCC method. For an average torque 
output of 20.0 N·m, the TRR is 32.1% in Fig. 5. Clearly torque 
ripple of the AHB and the proposed converter is high when 
using conventional control method and needs to be further 
reduced. 
 
Fig. 5. Simulation waveforms with the proposed converter under the CCC 
method. 
III. PROPOSED TORQUE CONTROL METHOD FOR SIX-PHASE 
SRM DRIVES 
Torque in a SRM is generated by excitation current pulses 
coordinated with the rotor position. The adjustment and timing 
of excitation currents are regulated by the drive circuit and the 
torque control techniques. The conventional control methods 
can vary the mean torque, but because of its highly nonlinear 
electromagnetic characteristics, even the high phase number 
SRMs still suffer from torque ripple. As shown in Fig. 3 and 
Fig. 5, deviations from the mean torque are particularly large 
near the phase commutation points. To solve this problem an 
instantaneous torque control method has been investigated.  
A. Fundamental principle 
To control the instantaneous torque, the nonlinear torque 
characteristics have to be derived. Fig. 6 shows the 
determination of electromagnetic torque considering saturation. 
 
Fig. 6. Determination of electromagnetic torque 
The average output torque is determined by 
(1) 
 
Here the current is assumed to be constant during a small 
displacement 𝑑𝜃, because a first order delay exists in phase 
current variation with respect to the phase voltage and the stator 
flux linkage variation [30]. Ignoring the resistive loss, the 
energy exchanged with the supply 𝑑𝑊e is given in (2), and the 
change of mechanical energy 𝑑𝑊m  is what is left after the 
change of magnetic stored energy 𝑑𝑊f as (3). 
       
(2) 
 
(3) 
Therefore, the change of mechanical energy is the area 
surrounded by the dashed line in Fig. 6 which equals to 𝑇𝑒𝑑𝜃, 
so that instantaneous output torque can be expressed as (4) 
(4) 
 
 
 
 
 
Since the changing ratio of the magnetic stored energy is 
always less than the first term in (4), it can be further simplified 
as: 
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4 
As current is assumed to be a constant, the second term of (5) 
is expressed as: 
(6) 
Where the change of instantaneous torque 𝑇𝑒  is completely 
dependent on the value of (6). To simplify the analysis with (5), 
assuming stator flux 𝜓 can be controlled as constant, then the 
change of  𝑇𝑒 only depends on the velocity change of 𝜓 with 
respect to rotor position. Therefore an increasing value of (6) is 
defined as flux acceleration, whereas a decreasing value of (6) 
is defined as flux deceleration. Hence, this control method for 
SRMs contains two essential factors: 1) choose a proper 
method to keep the magnitude of the stator flux linkage 
constant; 2) accelerate or decelerate the rotational stator flux to 
control the overall torque.  
B. Developed torque control method for the six-phase AHB 
converter 
 
 
 
State ‘+1’ State ‘0’ State ‘-1’ 
Fig. 7. Phase voltage states in the AHB converter.  
Depending on the on-off states of switches, there are three 
voltage states for each phase in the AHB converter as shown in 
Fig. 7. Afterward, voltage vectors are employed to represent a 
combination of all the six phase switching states at different 
instant. However, switching states in SRMs are time functions 
and they have no relevant relationship with the stator flux space 
vector.  
In order to build a relationship between switching states and 
the stator flux space vector for further investigation, the voltage 
vector direction of each phase is selected along the direction of 
the phase flux vector in the time-space coordinate system. 
However, for each phase there are three voltage states, thus for 
six phase SRMs there are huge quantity of voltage vectors, 
which increases the complexity of this method. Therefore, the 
first task is to find some reasonable voltage vectors. Based on 
the original electrical design of the six-phase SRMs, there are 
three or two adjacent phases working simultaneously. Thus 
reasonable voltage vectors can be selected as follows. 
  
Fig. 8. Determination of voltage vectors 
As shown in Fig. 8, U2, U4, U6, U8, U10, and U12 have the 
same voltage directions as phases 1 to 6, and there are three 
adjacent phases conducting simultaneously. For more flexible 
control, the six-phase SRM employs six extra voltage vectors. 
To achieve a balanced voltage vector arrangement, the extra six 
voltage vectors U1, U3, U5, U7, U9, and U11 are designed. 
According to the stator flux relationship shown in Fig. 9, the 
amplitude of the stator flux is a combination value of the six 
phase fluxes according to (7), (8) and (9). The position of the 
stator flux is calculated by  (10). 
 
Fig. 9. Determination of stator flux 
 
1 2 4 5( )cos30          (7) 
1 2 4 5 3 6( )sin30              (8) 
2 2
s       
(9) 
arctan





 
  
 
 
 
(10) 
To locate the stator flux the vector space is segmented into 
twelve zones. As shown in Fig. 10, each zone occupies 30º and 
the voltage vectors are respectively positioned in the central 
axis of the corresponding zones.  
 
Fig. 10. Zones arrangement 
 
On the basis of the proposed control method, the amplitude 
and rotational speed of the flux vector is regulated by means of 
choosing a proper voltage vector. Owing to this, the stator flux 
expression is shown in differential form: 
(k) (k 1) U(k)Ts     (11) 
Where Ts is the sample time.  
The relationship between the stator flux and voltage vectors 
is shown in Fig. 11. If the angle between these two vectors is 
acute, the voltage vector U(k) has a component along the 
positive direction of Ψ(k-1) and the flux magnitude increases, 
whereas if the angle is obtuse, U(k) has component along the 
negative direction of Ψ(k-1) and the flux amplitude decreases. 
S1 D1
D2 S2
ph1
+
S1 D1
D2 S2
ph1
+
S1 D1
D2 S2
ph1
+
U
1
U4(φ3)
U
7
U10(φ6)
U1   (+1,+1,-1,-1,-1,-1)   
U2   (+1,+1,+1,-1,-1,-1) 
U3   (-1,+1,+1,-1,-1,-1)   
U4   (-1,+1,+1,+1,-1,-1)
U5   (-1,-1,+1,+1,-1,-1)    
U6   (-1,-1,+1,+1,+1,-1)
U7   (-1,-1,-1,+1,+1,-1)    
U8   (-1,-1,-1,+1,+1,+1)
U9   (-1,-1,-1,-1,+1,+1)   
U10 (+1,-1,-1,-1,+1,+1)
U11 (+1,-1,-1,-1,-1,+1)    
U12 (+1,+1,-1,-1,-1,+1)
Ψ3
Ψ6
Ψα
Ψβ
Ψs
δ
 
U
1
U4(Ψ3)
U
7
U10(Ψ6)
N
1
N4
N
7
N10
N1=[-15º, +15º]     
N2=[+15º, +45º]         
N3=[+45º, +75º] 
N4=[+75º, +105º]  
N5=[+105º, +135º]     
N6=[+135º,+165º]    
N7=[+165º, +180º]∪[-180º, -165º]    
N8=[-165º, -135º]        
N9=[-135º, -105º]            
N10=[-105º, -75º]
N11=[-75º, -45º]      
N12=[-45º, -15º]
( , )
i const
i
A
 
 



0885-8969 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2017.2753286, IEEE
Transactions on Energy Conversion
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
5 
In addition, when the voltage vector U(k) is at an angle in 
advance of the stator flux vector, the stator flux is advanced. 
Providing the advance is also positive with respect to rotor 
electrical position, the instantaneous torque 𝑇𝑒  increases 
according to (5), and vice versa. 
 
Fig. 11. Relationship between stator flux and voltage vectors 
 
According to the above analysis, amplitudes of stator flux 
and instantaneous torque are regulated by switching proper 
voltage vectors. For example, if the stator flux is in zone N1 and 
is smaller than the command value, voltage vectors U2, U3, 
U11 and U12, which have an acute angle with the stator flux, 
are selected. If stator flux is larger than command value, 
voltage vectors U5, U6, U7, U8 and U9, which have obtuse 
angle with the stator flux, are selected. The adjustment of the 
instantaneous torque can also be determined according to 
whether the voltage vector leads or lags the stator flux vector. 
To implement this control concept, the torque demand and 
the stator flux demand have to be considered simultaneously. 
Generally, if torque and flux are to rise the voltage vector can 
be selected in one zone ahead. To increase stator flux whilst 
instantaneous torque is to fall, the voltage vector can be chosen 
in two zones behind. To increase torque and decrease flux, the 
voltage should be chosen in four zones ahead. If torque and flux 
are to fall the voltage vector should be selected in five zones 
behind. Consequently the switching rule for the six-phase SRM 
with the AHB converter is summarized in Table II, where k is 
zone number where the stator flux locates. 
TABLE II.  
SWITCHING RULE OF THE SIX-PHASE AHB CONVERTER 
    
    
 
Fig. 12 shows the control diagram of the proposed torque 
control method for six-phase SRMs, in which control 
parameters are instantaneous torque and stator flux linkage. Six 
phase flux amplitudes are obtained from integration of the 
phase voltage according to (11), and therefore the amplitude 
and angular position of the stator flux vector is calculated 
according to (7), (8), (9) and  (10) in the flux estimation block. 
Estimated torque is calculated using measured nonlinear 
magnetization characteristics of the prototype when phase 
current and rotor position are available from a current sensor 
and position encoder. Two hysteresis controllers are employed 
in this control system for torque and stator flux linkage 
amplitude regulation. The regulation commands of these two 
hysteresis controllers are the basis of selecting a proper voltage 
vector from the switching table during each control cycle. 
Fig. 13 shows simulation results under the proposed control 
method with the AHB converter. The simulation parameters are 
set as follows: DC link voltage Vdc is 200 V; rotation speed n is 
200 r/min; the flux linkage reference 𝜓∗ is 0.38 Wb and the 
torque reference 𝑇∗ is 20 N·m. 
 
Fig. 13. Simulation waveforms with the AHB converter under the proposed 
torque control method.  
Under the conventional current control method, six phase 
currents are regulated as approximately square waveforms by 
current hysteresis controllers. Under the proposed torque 
control method, switching signals are generated with 
instantaneous torque and stator flux errors. Compared with the 
conventional CCC method the phase flux linkage and current 
are very irregular due to adjustment requirement of the flux and 
torque hysteresis controllers. Another significant distinction is 
that both the phase torque and current have larger maximum 
values under the proposed method, but phase flux is 
substantially reduced.  
Fig. 14 shows the relationship between the change of 
instantaneous torque and rotational speed. When the flux 
advances ahead of the rotor movement the torque increases, and 
when the flux lags behind the rotor movement the torque 
decreases. 
 
Fig. 14. Instantaneous torque and flux speed of the proposed control method 
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Fig. 12. Control diagram of the proposed torque control method for  six-phase 
SRMs 
Outputs 
from 
inverter
Measured 
from 
six-phase  
inverter 
and encoder
Flux
Estimation
&
Torque
Estimation
i1
i2
i3
i4
i5
i6
u1
u2
u3
u4
u5
u6
θ 
φ1
φ2
φ3
φ4
φ5
φ6
φα 
φβ  
δ 
Flux Cal&
Zone Selection
T
T* +
-
φ*+
-
φs 
Hysteresis 
Controller
Switching 
Table U
Inputs to inverter
Switching  signals 
Control parameters
Torque and flux reference 
α-β 
Transfermation
0885-8969 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2017.2753286, IEEE
Transactions on Energy Conversion
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
6 
For an average torque output of 20.0 N·m, compared with the 
conventional current control method, the proposed torque 
control method reduces the TRR from 40.1%  to 5.1% as shown 
in Fig. 15(a). By plotting stator flux vectors of the CCC method 
and the proposed method in Fig. 15 (b), it is further 
demonstrated that the stator flux linkage in the CCC method is 
close to a hexagon, whilst the proposed method has a circular 
trajectory. 
 
                                (a)                                                        (b) 
Fig. 15. Output comparison between the CCC and the proposed method with 
the AHB converter (a) Total torque output. (b) Flux trajectory. 
C. Developed torque control method for the proposed novel 
converter 
In order to reduce the switch number for the six-phase SRM 
drive, the novel converter has been proposed. As discussed in 
[21], all conventional control techniques for SRM drives can be 
used with the proposed novel converter, but torque ripple is as 
significant as with the AHB converter. 
The main distinction between the six-phase AHB converter 
and the proposed converter is phase independence, therefore 
the voltage vectors and switching table of the proposed method 
for the AHB converter cannot be directly applied to the novel 
converter. For example, U1 in Fig. 8 is (+1,+1,0,-1,-1,0), in 
which two adjacent phases are conducting and two phases are 
freewheeling. For the proposed converter, to achieve the same 
effect, the equivalent voltage vector V1 can be defined as 
(+1,+1,+1,-1,-1,-1), where ‘+1’ represents the on-state and ‘-1’ 
represents the off-state for each switch. U2 in Fig. 8 is 
(+1,+1,+1,-1,-1,-1), in which three adjacent phases are 
conducting and other phases are non-conducting. For the 
proposed converter, every switch is shared by two phases. It is 
obvious that there are always two phases in freewheeling loops, 
therefore it is impossible to define an equivalent voltage vector 
with U2. Consequently, there are six reasonable voltage vectors 
that can be employed with the proposed converter. Table III 
demonstrates the six voltage vectors for the proposed converter.  
TABLE III.  
VOLTAGE VECTORS FOR THE PROPOSED CONVERTER 
   
   
 
As the quantity of voltage vectors are reduced from twelve to 
six, the zone arrangement is changed accordingly. In order to 
locate the stator flux, the vector space is segmented into six 
zones as shown in Fig. 16, every zone occupies 60º. The stator 
flux definition is similar to the AHB converter. The amplitude 
and position of the stator flux vector are calculated by (7) to  
(10). Stator flux vector and voltage vectors also fulfil the 
relationships in Fig. 11.  
 
Fig. 16. Zones arrangement for the proposed converter. 
Considering demands of the stator flux and torque 
simultaneously, Table IV shows the switching rule for the 
proposed converter. If torque and flux are to rise the voltage 
vector can be selected in one zone ahead. To increase stator flux 
whilst instantaneous torque is to fall, the voltage vector can be 
chosen in one zone behind. To increase torque and decrease 
flux, the voltage should be chosen in two zones ahead. If torque 
and flux are to fall the voltage vector should be selected in two 
zones behind. 
TABLE IV.  
SWITCHING RULE FOR THE PROPOSED CONVERTER 
    
    
Fig. 17 shows simulation results under the proposed method 
with the novel converter. The simulation parameters are set as 
follows: DC link voltage Vdc is 200 V; rotation speed n is 
200r/min; the flux linkage reference 𝜓∗  is 0.38 Wb and the 
torque reference 𝑇∗  is 20 N·m.  
 
Fig. 17. Simulation waveforms with the proposed converter under the proposed 
torque control method 
 
Compared with results with the conventional CCC method in 
Fig. 4, the phase flux linkage and current are very irregular due 
to an adjustment requirement of the torque and flux hysteresis 
controllers. Compared with the six-phase AHB converter, 
different voltage vectors are employed with the proposed 
converter, thus the current waveforms are slightly different to 
the AHB converter. However, this does not affect the torque 
ripple reduction performance of the proposed torque control 
method. 
Ψα(Wb)
Ψ
β
(W
b
)
V1(+1,+1,+1,-1,-1,-1) V3(-1,-1,+1,+1,+1,-1) V5(+1,-1,-1,-1,+1,+1)
V2(-1,+1,+1,+1,-1,-1) V4(-1,-1,-1,+1,+1,+1) V6(+1,+1,-1,-1,-1,+1)
T  T  T  T 
V(k+1) V(k-2) V(k-1) V(k+2)
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7 
For an average torque output of 20.0 Nm, compared with the 
conventional current control method, the proposed torque 
control method reduces the TRR from 32.1% to 6.8% as shown 
in Fig. 18(a). By plotting stator flux vectors of two torque 
control methods in the x-y stationary frame in Fig. 18(b) it is 
further demonstrated that, as with the AHB converter, the stator 
flux linkage with the CCC method is close to a hexagon, whilst 
the proposed torque control method has a circular trajectory.  
  
    (a)                                                             (b) 
Fig. 18. Output comparison between the CCC and the proposed method with 
the proposed converter (a) Total torque output. (b) Flux trajectory. 
 
Comparing the flux trajectory under the proposed torque 
control method with the AHB converter, the flux trajectory 
under direct torque control applied to the novel converter has a 
longer path before it reach the reference value, suggesting that 
the dynamic torque response may be slower. This is because the 
voltage vectors employed with the proposed converter only 
allow two phases conducting simultaneously, whilst the AHB 
converter allows three, which helps the AHB converter build 
stator flux linkage faster. 
IV. EXPERIMENTAL VALIDATION 
In order to implement a real-time low torque ripple six-phase 
SRM drive system, a six-phase SRM drive system test rig was 
designed and constructed as shown in Fig. 19. This drive 
system is made up of a six-phase SRM coupled to a permanent 
magnet load machine, IGBT inverters, a F28335 digital signal 
processor (DSP) based controller, a shaft absolute encoder 
interfaced to the DSP controller, etc.. The winding connection 
for this machine is so as to ensure there is minimal coupling 
between phases, caused solely by low levels of cross-slot 
leakage flux.  It was found that the mutual effects could 
therefore be ignored in this case.  
 
Fig. 19. Test rig set up. 
A. Experimental results of the AHB converter 
Fig. 20 shows experimental waveforms including phase 
current and torque output with the AHB converter at 200 r/min, 
with a mean torque of 20 N·m. Compared with the conventional 
method, the proposed torque control method reduces the TRR 
from 29.7% to 12.1%.  
 
(a) 
 
(b) 
Fig. 20. Experimental waveforms with the AHB converter at 200 r/min  
(Tref=20 N·m). (a) Six phase current. (b) Torque output. 
 
Fig. 21 shows experimental waveforms including phase 
current and torque output at 800 r/min and 1500 r/min. With a 
mean torque of 10 N·m and 15 N·m, the torque ripple with the 
AHB converter is significantly reduced under the proposed 
method.  
 
(a) 
 
(b) 
Fig. 21. Experimental waveforms of phase current and torque output of the 
proposed and conventional control methods with the AHB converter.  
(a) At 800 r/min (Tref=15 N·m). (b) At 1500 r/min (Tref=10 N·m) 
 
With a mean torque of 14.9 N·m at 800 r/min, the proposed 
torque control method restrains the TRR to 17.8%, nearly half 
of the TRR under conventional method. With a mean torque of 
10.0 N·m at 1500 r/min, the TRR under the Angle Position 
Control (APC) method is 47.7%, meanwhile the proposed 
torque control method restrains the TRR to 28.6%. 
B. Experimental results of the proposed converter 
Fig. 22 shows experimental waveforms including phase 
current and torque output with the proposed converter at 200 
r/min, with a mean torque of 20 N·m. Compared with the 
conventional method, the proposed torque control method 
reduces the TRR from 42.1% to 14.3%. 
CH1
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(a) 
 
(b) 
Fig. 22. Experimental waveforms with the proposed converter at 200 r/min 
(Tref=20 N·m). (a) Six phase current. (b) Torque output. 
 
Fig. 23 shows experimental waveforms including phase 
current and torque output at 800 r/min and 1500 r/min. With a 
mean torque of 10 N·m and 15 N·m, the torque ripple with the 
proposed converter are significantly reduced under the 
proposed method. With a mean torque of 15.0 N·m at 800 
r/min, the proposed torque control method restrains the TRR to 
18.5%, lower than half of the TRR under conventional method. 
With a mean torque of 10.0 N·m at 1500 r/min, the TRR under 
the Angle Position Control (APC) method is 36.9%, meanwhile 
the proposed torque control method restrains the TRR to 
27.4%. 
 
(a) 
 
(b) 
Fig. 23. Experimental waveforms of phase current and torque output of the 
proposed and conventional control methods with the proposed converter.  
(a) At 800r/min (Tref=15 N·m). (b) At 1500r/min (Tref=10 N·m) 
 
Consequently, compared with conventional control methods, 
the proposed torque control method can reduce the torque 
ripple for six-phase SRMs with both the AHB converter and the 
proposed converter throughout the whole speed range.  
It is noticeable that, whilst the torque ripple predicted by 
simulation is typically 5% of the mean output torque, the 
measured torque ripple is generally higher. Simulations 
revealed that this is caused by cross-saturation effects in the 
core backs, which are not accounted for in the single phase 
characteristics used in the controller. Note also that, due to 
voltage limitations, the demanded rate of change of flux angle 
will sometimes exceed that which the converter can supply: 
consequently the torque ripple reduction at high speed is 
inferior to that at low speed. 
In order to compare the torque-speed performance of the 
proposed low torque ripple drive systems, a 200V, 48A DC 
power supply is employed. The torque-speed curves are shown 
in Fig. 24. At low speed the torque is limited by the maximum 
current from the power supply, whilst at high speed it is limited 
by the available voltage. The proposed method can produce 
larger mean torque at low and medium speed because the 
currents are shaped to give increased torque per amp, whilst the 
conventional control method can produce larger average torque 
at high speed because it simply applies full voltage throughout 
the conduction period.  
 
Fig. 24. Torque-Speed performance comparison 
V. CONCLUSION 
In this paper, a torque control method for torque ripple 
reduction has been proposed to control six-phase SRM drive 
systems. Although six-phase SRMs have lower torque ripple 
compared with other conventional SRMs, they still suffer from 
obvious torque ripple. Therefore a torque control method for 
torque ripple reduction is proposed to further reduce the amount 
of torque ripple with both conventional and proposed converter.  
The proposed torque control method for six-phase SRMs is 
firstly researched with the six-phase AHB converter. 
Simulation results verify that the proposed control method with 
the AHB converter can observably reduce the TRR from 40.1% 
to 5.1%. Afterwards the proposed method with the proposed 
converter is investigated. There is reduced phase independence 
in the proposed converter, consequently a modified torque 
control method with six voltage vectors is proposed based on 
the control method designed for the six-phase AHB converter. 
Although fewer voltage vectors are used with the proposed 
converter, the torque ripple reduction performance has not been 
affected. Simulation results verified that the modified control 
method with the novel converter can reduce the TRR from 
32.1% to 6.8%. 
 Experimental tests have been carried out to validate the 
torque ripple reduction performance of the proposed control 
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9 
method. Test results show that the proposed torque control 
method can reduce torque ripple significantly throughout the 
whole speed range with both conventional and proposed novel 
converter.  
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